Preprotein translocase is a general and essential system for bacterial protein export, the minimal components of which are SecA and SecYEG. SecA is a peripheral ATPase that associates with nucleotide, preprotein, and the membrane integral SecYEG to form a translocation-competent complex. SecA can be separated into two domains: an N-terminal 68 kDa ATPase domain (N68) that binds preprotein and catalyzes ATP hydrolysis, and a 34 kDa C-terminal domain that regulates the ATPase activity of N68 and mediates dimerization. We have carried out gel ®ltration chromatography, analytical ultracentrifugation, and small-angle X-ray scattering (SAXS) to demonstrate that isolated N68 self-associates to form a tetramer in solution, indicating that removal of the C-terminal domain facilitates the formation of a higher-order SecA structure. The associative process is best modelled as a monomer-tetramer equilibrium, with a K D value of 63 mM 3 (where
Introduction
Preprotein translocase is an essential and general secretory system found in prokaryotic organisms (for recent reviews, see Driesen et al., 1 Economou 2 and Mu È ller et al. 3 ). The minimal components of preprotein translocase are SecYEG and SecA. 4 ± 6 SecYEG is membrane-embedded, contains sequence homology to functionally related molecules in the endoplasmic reticulum 7, 8 and may form a protein conducting channel. 9, 10 SecA is a peripheral ATPase that associates with SecYEG, binds the substrate preprotein, and catalyzes ATP hydrolysis with coupled movement of the preprotein through SecYEG and into the periplasm. 11, 12 The mechanism of protein translocation has been the subject of intense study for a number of years. During translocation, SecA binds ATP and preprotein and interacts with membrane-embedded SecYEG such that both a 65 kDa domain and a 30 kDa domain are stabilized against proteolysis. 13, 14 Each cycle of ATP binding and hydrolysis results in translocation of approximately 5 kDa of preprotein, 15, 16 and therefore repeated cycles of ATP hydrolysis would be required to translocate the entire preprotein. In this model, ATP binding 17 is thought to initiate profound conformational changes in SecA, such that most of the SecA molecule becomes resistant to proteolysis 14, 18 and accessible from the periplasmic side of the translocon. 19 ± 21 Data on the structure and composition of the SecA-SecYEG complex need to be integrated with this model of translocation. Detergent-solubilized SecYEG undergoes a monomer-tetramer equilibrium in solution and two-dimensional crystals of SecYEG do not contain a ring-like structure, suggesting that the protein-conducting channel is assembled from multiple SecYEG complexes. 22 Recent scanning transmission electron microscopy (STEM) studies indicate that detergent-solubilized SecYEG exists as monomers and dimers, and that these are assembled by SecA-(AMP-PNP) to form a tetrameric complex (i.e. Sec(YEG) 4 ). 23 Furthermore, arrested translocation reactions were found to contain particles of mass 531 and 686 kDa, which are thought to comprise preprotein substrate, SecA dimer, and either two or four SecYEG heterotrimers. On the other hand, there is biochemical evidence that the active translocon contains only a monomeric SecYEG complex. 24 SecA is a dimer in solution 25, 26 and it was proposed to function as a dimer when bound to SecYEG at the membrane. 27 SecA undergoes conformational changes upon nucleotide binding, as assessed by intrinsic¯uor-escence, differential scanning calorimetry, 28 and protease sensitivity, 29 but SAXS indicates that changes in the structure of SecA in solution are relatively modest. 26 Knowledge of the subunit stoichiometry and structure of this SecA-SecYEG complex is a crucial prerequisite to understanding the mechanism of translocation. One approach that is being used to understand the translocation mechanism is to dissect the system into smaller domains and investigate the function and interactions between these domains. The SecA protomer can be divided into two domains: an N-terminal domain, from residues 1-610, and a C-terminal domain, from 610 to 901. 30 The N-terminal ATPase domain contains seven consensus DEAD helicase motifs, 31, 32 including the Walker A and B motifs 33 that are critical for high af®nity nucleotide binding and hydrolysis, 34 and it also contains a preprotein cross-linking site. 35 The N-terminal domain is able to bind peptides corresponding to signal sequences, and this binding decreases the intrinsic ATPase activity of the domain. 36 Finally, the N-terminal domain appears to be largely responsible for SecYEG binding. 37 The C-terminal domain is important for mediating dimer formation between SecA protomers; 38, 39 it has an important role in regulating the ATPase activity and ligand-binding properties of the N-terminal domain, 32, 36, 39 and is also required for binding to SecB. 40 We are interested in the mechanisms by which SecA couples ATP binding and hydrolysis to interactions with preprotein and SecYEG. In solution, the C-terminal domain of SecA has been shown to suppress the ATPase activity of the N-terminal domain. 39 Based on this observation, the high ATPase activity of SecA during active translocation 11 may be due, at least in part, to an altered position of the C-terminal relative to the N-terminal domain when SecA is bound to SecYEG. Here we show that, in solution, absence of the C-terminal domain has a profound effect on the structure of the N-terminal domain; that is, the isolated N-terminal domain is able to form an oligomeric complex, which we demonstrate is a tetramer. This result was unexpected in light of previous work, in which the N-terminal domain was shown to be monomeric when assessed by chemical crosslinking and/or gel ®ltration chromatography. 38, 39 The ability of the N-terminal domain of SecA to form a tetramer is interesting in view of the oligomeric state of the translocase subunits with which SecA interacts. Speci®cally, SecA interacts with SecB, which is a dynamic tetramer, or more precisely, a dimer of dimers. 41, 42 There is evidence that SecYEG also forms tetramers during active translocation. 23 SecA protomer-protomer interactions may be important in the assembly and regulation of the active translocation complex. To develop these ideas further, we have carried out a detailed study of the oligomerization and overall shape of the isolated N-terminal ATPase domain from Escherichia coli SecA.
Results
Expression, purification, and characterization of N68
N68 comprises the N-terminal 610 residues of SecA. 39 We expressed E. coli N68 as an isolated polypeptide containing a hexa-histidine tag at the N terminus to facilitate puri®cation; incorporation of this hexa-histidine tag yields a fully functional full-length His 6 -SecA molecule. 32 Puri®ed N68 had the expected ATPase activity (not shown) and was exceptionally stable: after seven days of sedimentation equilibrium experiments (20 C, no nucleotides) the puri®ed protein yielded a single band when analyzed by SDS-PAGE (Figure 1(a) ). There is a single cysteine residue in N68, and we noticed a tendency for N68 to form disul®de-bonded dimers. We included reducing agents for all analyses to ensure that large molecular mass species were formed via non-covalent interactions; nevertheless, small amounts of disul®de-bonded dimers did form over time. After seven days of sedimentation equilibrium experiments, N68 was run under non-reducing conditions, and a faint band migrating with a M R of 138 kDa was seen (Figure 1(a) ). Analysis by densitometry indicated that this band represented no more than 8 % of the total protein.
Gel filtration analysis of N68
Puri®ed His 6 -N68 was analyzed by gel ®ltration chromatography. At 10 mg/ml (Figure 1(c) ) N68 elutes with an apparent M R of 250 kDa, somewhat larger than full-length SecA (Table 1) and there is a distinct shoulder on the main peak of N68 (Figure 1(c) ), indicating the presence of smaller species. The lack of a large peak at the void position in the chromatogram (7.5 ml; Figure 1(c) ) indicates that the protein preparation does not form extremely large, non-speci®c aggregates. Rather, the apparent M R of N68 decreased as the protein was diluted (Table 1) ; for example, at 0.2 mg/ml, N68 migrated with an M R of 115 kDa (Figure 1(d) ).
Associative properties of N68: sedimentation equilibrium
The presence of a higher M R species in gel ®l-tration experiments indicated that N68 was forming an oligomeric species, either a very elongated dimer or a more globular trimer or tetramer. We used sedimentation equilibrium, the results of which are completely independent of a molecule's shape, to measure the molecular mass and associative properties of N68. To verify that the higher molecular mass species represents reversibly selfassociating N68, a plot of apparent molecular mass as a function of protein concentration was used (Figure 2(a) ). The concentration gradients were produced at 10,000 rpm using three different protein concentrations, and it can be seen that the three plots coincide, indicative of a self-associating system. If the larger molecular mass species were due to polydispersity in the protein preparation, one would expect that the same molecular mass distribution would be produced at each protein concentration and the plots would not coincide. 43 To determine the optimal model and an accurate association constant, a comprehensive analysis of N68 self-association was carried out using four rotor speeds, 7000, 8500, 10,000, and 13,000 rpm, and three protein concentrations, 0.7, 0.35, and 0.14 mg/ml, at 20 C. Fitting these data as a single species yielded molecular masses of approximately 170 kDa and obvious systematic errors (not shown). However, the experimental data were very well modelled using a monomer-tetramer equilibrium with the association constant (K A ) and concentration of monomer at the reference radius (C 0 ) as the sole variables. In this case, when the protein concentration of 0.35 mg/ml was used with the four rotor speeds (a total of 12 curves), the value for the K A was 0.016 mM À3 , which corresponds to a K D value of 63 mM 3 (where
). An example of the ®t obtained with this model is given in Figure 2(b) . Other possible models for the self association of N68 were tested. Inclusion of a dimer in the monomer-tetramer model did not signi®cantly improve the agreement with experimental data, and there were clear systematic errors for a dimer-tetramer equilibrium (not shown). Sedimentation equilibrium analysis carried out at 4 C yielded a K D value of 84 mM 3 , indicating that the formation of the tetramer was not strongly temperature depen- Figure 1 . SDS-PAGE analysis and gel ®ltration chromatography of N68. (a) Puri®ed N68 was used for sedimentation equilibrium studies and at the end of the experiments (seven days at 20 C) was analyzed by SDS-PAGE under reducing (R) or non-reducing (NR) conditions. (b) Calibration curve for gel ®ltration column. Molecular mass standard proteins were chromatographed on an HR 10/30 column of Superdex 200 at ā ow rate of 0.5 ml/minute. The running buffer was 50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, and 5 mM b-mercaptoethanol (pH 8.0). Absorbance at 280 nm was monitored and recorded on a strip-chart running at 2 mm/minute. (c) and (d) Puri®ed N68 was analyzed by gel ®ltration chromatography under the same conditions as the molecular mass standards. When applied to the column at 10 mg/ml (c), N68 eluted at 10.5 ml, corresponding to an M R value of 250 kDa, but when loaded at 0.2 mg/ml (d), N68 eluted at 12 ml with an apparent M R value of 115 kDa. dent. In summary, N68 undergoes a simple monomer-tetramer equilibrium with a K D value of approximately 63 mM 3 .
Hydrodynamic properties of N68: sedimentation velocity
Sedimentation velocity was used to examine the hydrodynamic properties of the individual N68 species. The conditions for these experiments were exactly the same as for the sedimentation equilibrium experiments, and it is therefore reasonable to assume that the solutions contain N68 monomers and tetramers. In all of the sedimentation velocity experiments, separate boundaries for the monomer and tetramer were not observed. Instead, the rapid equilibration between tetramer and monomer caused the protein to sediment with a single boundary moving at an averaged velocity. Therefore, to estimate the hydrodynamic properties of the N68 monomer and tetramer, sedimentation velocity experiments were conducted at different concentrations of N68 and a single sedimentation coef®cient was calculated for each case. The sedimentation coef®cient displayed a marked concentration dependence: N68 at 0.05 mg/ml sedimented with an of s 20,w of 4.06 S, while at 4 mg/ml, s 20,w was equal to 8.69 S (Figure 2(c) ). Estimates for the sedimentation coef®cients of pure monomer and tetramer were determined by ®tting a plot of sedimentation coef®cient versus protein concentration to a biphasic sigmoidal growth model ( Figure 2(c) ). The two molecular species were suf®cient to model adequately the experimental data, and the sedimentation coef®cients obtained from this analysis were s 20,w 4.07 S for the monomer, s 20,w 8.94 S for the tetramer ( Table 2) .
The sedimentation coef®cients were used to calculate frictional ratios, f/f min , for the monomer and tetramer, respectively (Table 2) , which yield infor- Figure 2 . Self-association of N68. The molecular mass and hydrodynamic properties of N68 were assessed by sedimentation equilibrium ((a) and (b)) and sedimentation velocity (c). (a) N68 (2.8 mg/ml) was diluted to 0.7 mg/ml (triangles), 0.35 mg/ml (®lled circles), or 0.14 mg/ml (squares), and brought to equilibrium at 10,000 rpm at which time the cells were scanned at 280 nm. Background absorbance was subtracted by meniscus depletion at the end of the experiment, yielding curves of protein absorbance versus radius. For each of these curves, a moving 40 point window used to calculate an``instantaneous'' molecular mass at each point. For a reversibly self-associating system, the molecular masses will be dependent on equilibrium protein concentration only, and independent of starting concentration and rotor speed. (b) A solution of N68 (0.35 mg/ ml) was placed in a six-sector cell, and brought to equilibrium at 7000, 8500, 10,000, and 13,000 rpm, with absorbance scans made at each rotor speed. The empty circles represent the absorbance at 280 nm measured for the inner-most sector of the cell at 10,000 rpm. An association constant describing a monomer-tetramer equilibrium for N68 was calculated by ®tting the 12 curves (three data sets for each of four speeds) to an expression describing the equilibrium distribution of the two species. A dissociation constant of 63 mM 3 was obtained, and the theoretical curve for this model is illustrated by the continuous line. The calculated residuals are shown at the top of the graph. (c) Sedimentation velocity experiments were carried out with N68 at concentrations from 0.05 to 4 mg/ml, and for each experiment the average sedimentation coef®cient was calculated from a g*(s) versus s plot. 55 The average sedimentation coef®cients were plotted against the logarithm of protein concentration, and the data points were ®tted to a biphasic sigmoidal growth model to obtain sedimentation coef®cients for the limiting cases of very high and very low protein concentration. mation about their shape. The monomer is similar in size to bovine serum albumin (66.5 kDa) and hemoglobin (68 kDa), which have frictional ratios of 1.33 and 1.28, respectively. 44 The modestly higher frictional ratio for the N68 monomer (1.43) indicates slightly greater asymmetry, but remains in the range for globular proteins. With a frictional ratio of 1.65, however, the N68 tetramer appears to be substantially less globular in shape. For reference, the full-length SecA dimer has a sedimentation coef®cient, s 20,w , of 6.26 S and a frictional ratio of 1.95, consistent with previous SAXS work, suggesting that SecA was a highly extended molecule. 26 Shape and conformation of N68: small-angle X-ray scattering Small angle X-ray scattering (SAXS) yields information on the size and shape of molecules in solution. In particular, a Guinier plot 45 of SAXS data gives values for the radius of gyration, R g (de®ned as the rms distance of all atoms from their common center of gravity), and the forward scattering, I(0), which is proportional to the molecular mass of the scattering particle. Guinier curves for wild-type SecA and N68 are plotted in Figure 3(a) ; the linearity of the data in this region indicates a complete absence of high molecular mass aggregates for both proteins. Comparing the Guinier curve of N68 with that of full length SecA, both at a protein concentration of 6.7 mg/ml, it is clear that the intercept, ln[I(0)], of the N68 curve is larger while the slope, ÀR g 2 , is more negative, consistent with a higher molecular mass and larger R g value for the N68 protein. N68 scattered with an apparent M R of 246 kDa, an R g value of 4.8 nm, and a maximal dimension of 13.5 nm, whereas similarly prepared full-length SecA scattered with a molecular mass of 200 kDa, an R g value of 4.2 nm, and a maximal dimension of 13.0 nm. Note that the values for R g and the maximal dimension of full-length SecA in this study are lower than those obtained previously (R g was 4.47 nm and maximal dimension was 15 nm). 26 We attribute this difference to gel®ltration chromatography of the proteins prior to SAXS measurements in this study, which effectively removes strongly scattering (but low abundance) aggregates.
SAXS from N68 was measured at protein concentrations from 1.3 to 6.7 mg/ml (data not shown), and the forward scattering increased slightly with protein concentration. This was consistent with the dissociation constant calculated from analytical ultracentrifugation studies, which predicts that at 1.3 mg/ml approximately 80 % of the protein mass would be present as tetrameric N68, with the mass of tetramer increasing to 94 % of the total at 6.7 mg/ml. This 14 % change in the relative mass concentration of tetramer would be expected to produce a 10 % increase in the X-ray scattering, roughly what was observed. The forward scattering yields the average M R value for all scattering species: for N68 at 6.7 mg/ml, the apparent M R is 246 kDa, which is reasonably close to the expected M R of 262 kDa for a mixture comprised of 94 % (by mass) tetramer (274 kDa) and 6 % monomer (68.5 kDa). The R g value decreased slightly with increasing concentration, but this 1 % change is probably due to a small amount of interparticle interference, and is not experimentally signi®cant.
These SAXS data were of suf®ciently high quality to use a recently developed method 46 to calculate low resolution shapes for the scattering particles. The program Saxs3D 46 generates a shape for a given scattering curve by adding and removing spheres to lattice points in a hexagonally packed array. The process begins by placement of a single sphere, and continues by addition or removal of spheres, preferably at positions that neighbor the original sphere; each addition or removal is evaluated by scoring against a linear (as opposed to logarithmic) representation of the scattering curve. The overall effect is to gradually build up a structure consisting of densely packed spheres in such a way that the ®nal shape is smooth and continuous, and conforms well to the lower-angle scattering data. The shapes obtained are not absolutely unique, and therefore to extract the``essential'' or``common'' shape information encoded in the scattering curve, the whole process is run a number of times and then the individual structures are superimposed using the program xlattice. 46 The lattice spacing can also be varied: larger lattice spacings correspond to larger spheres and fewer parameters, and therefore the ®t to the experimental data is generally not as good as for smaller lattice spacings. On the other hand, if the lattice spacing is too small, there will be too many spheres (parameters) and the algorithm fails to converge. In this regard, it is important to note that the shape simply delineates the protein, a region of relatively high electron density, from the solvent, but does not provide any information on the``higher-resolution'' features of the protein. Therefore, the high angle regions of the scattering curves, which are dependent on the ®ner structural features of the protein, cannot be reliably modelled using this type of ab initio process.
The Saxs3D algorithm requires data from S 0.0 nm À1 to the highest angle measured, preferably at S 0.6 nm À1 or greater. We merged two data sets to cover the large momentum transfer range required: the ®rst data set (0.02 < S < 0.3 nm À1 ) was recorded from a 6.7 mg/ ml solution of N68, using a 3 m sample to detector distance, and the second data set (0.06 < S < 0.8 nm À1 ) was recorded from a 17 mg/ ml solution of N68 using a 1.2 m camera (Figure 3(b) ). The two data sets were scaled and merged using the program GNOM; 47 after scaling and merging, a regularized scattering curve (0.0 < S < 0.8 nm À1 ) was calculated and these data were used for shape determination by Saxs3D. Ten independent models were calculated for each of four lattice spacings: 2 nm, 1.6 nm, 1.4 nm, and 1.2 nm. Each set of ten models was superimposed using the program xlattice 46 and the ®nal superposition was contrast ®ltered by removing atoms that had fewer than 40 neighbors. In this way,``average'' structures were obtained that illustrate the conserved low-resolution features of the tetramer. We found that lattice spacings of 2.0 nm and 1.6 nm ®t the experimental data to momentum transfer values of 0.1 nm À1 and 0.15 nm À1 , respectively (Figure 4 (a) and (b)). In these cases, the shapes corresponded to rectangular`b oxes'' with dimensions of approximately 13.5 nm Â 9.0 nm Â 6.5 nm. Decreasing the lattice spacing to 1.4 nm resulted in a good ®t to experimental data out to S 0.24 nm À1 ; the shapes obtained were similar to those found with larger spacings, but it became apparent in all of the 1.4 nm spaced structures that electron density in the middle part of the complex was relatively weak or non-existent, and the result was a pore in the contrast-®ltered superposition (Figure 4(c) ). A further decrease in the lattice spacing to 1.2 nm (Figure 4(d) ) did not improve the ®t of the models to the experimental data, except in the higher angle regions, and the models actually yielded poorer ®ts in the region 0.18 < S < 0.23 nm
À1
. Lattice spacings of 1.0 and 0.8 nm were also tested, but in these cases the program failed to converge on a solution. To summarize, the N68 tetramer is ā attened, extended particle with overall dimensions of 13.5 nm Â 9.0 nm Â 6.5 nm, and may contain a central pore.
It has been shown that N68 becomes resistant to proteolysis when it binds ADP but not AMP-PNP, indicating that ADP binding causes a conformational change in N68. 32 ,39 SAXS provides a direct measure of conformational change, and we therefore added either ADP or AMP-PNP at saturating concentrations (2 mM, a 20-fold molar ratio over protein) to our SAXS solutions. Consistent with the results for full-length SecA, 26 there was no change in either the R g , the maximal dimension (d max ), or the apparent molecular mass of N68 after addition of nucleotides. Changes in these parameters, which are re¯ected in the low angle parts of the scattering curves, would require large-scale domain movements. At higher angles, scattering becomes sensitive to smaller changes in protein conformation. We used Kratky plots, S 2 I(S) versus S, to compare unliganded N68 with nucleotide- Figure 3 . Small angle X-ray scattering from N68 and full-length SecA. (a) Guinier plots of SAXS from N68 at 6.7 mg/ml (circles) or full-length SecA at 7.6 mg/ml (triangles) illustrate differences in the radius of gyration and forward scattering for these molecules. The complete scattering data are represented by thin, continuous lines, while individual data points used for Guinier analysis are marked with circles or triangles. Linear least-squares ®ts to the Guinier equation 45 are indicated by the broken lines. (b) Data treatment for shape determination. A SAXS curve recorded from a 6.7 mg/ml solution of N68 with a 3 m sample-detector distance (thick grey curve) was combined with a second data set recorded from a 17 mg/ml solution of N68 using a 1.2 m sample-detector distance (broken curve). The data were scaled and merged using the program GNOM 47 and the combined data were used to calculate a regularized scattering curve extending from S 0 nm À1 (black continuous curve). The inset shows the same data using a linear scale for the intensity and expanded to emphasize the region of momentum transfer, 0.0 < S < 0.15 nm
, that is important for shape determination. The regularized data were used as input to the program Saxs3D. 46 bound forms of the enzyme; these plots emphasize mid-range momentum transfer values (0.05 < S < 0.15 nm À1 ). Close inspection of the entire scattering curves indicates that AMP-PNP has no observable effect on the conformation of the protein ( Figure 5(a) ). Data in the higher angle regions, 0.15 < S < 0.3 nm À1 , is heavily in¯uenced by the buffer subtraction, and therefore differences in the curves cannot be reliably attributed to changes in protein conformation. In the case of N68 with 2 mM ADP, there was a small change in the region 0.08 < S < 0.11 nm À1 when compared to unliganded N68 ( Figure 5(b), inset) . Because the curves for unliganded and ADP-bound N68 coincide both before and after this region, the change is not artifactual and must represent a small conformational shift in the N68 tetramer upon ADP binding.
Discussion
When separated from the C-terminal 34 kDa domain, the 68 kDa ATPase domain of SecA can form a tetramer. We have determined a K D value of 63 mM 3 for the monomer-tetramer equilibrium, allowing calculation of the concentration of tetramer as a function of total protein concentration ( Figure 6 ). The N68 tetramer was not observed in previous studies because the concentrations used for cross-linking and gel-®ltration were in the range from 0.1 to 0.3 mg/ml, just below the regime where the tetramer dominates. 38, 39 Nucleotide binding and hydrolysis are critical for preprotein translocation 15 and drive conformational changes in SecA that affect its interaction with SecYEG; 13, 17 we were therefore interested to see how binding of nucleotide affected the structure of N68. Previous SAXS studies on full-length SecA indicated that the protein in solution does not undergo a large-scale conformational change as a result of binding ADP, ATP, or AMP-PNP. 26 On the other hand, evidence for conformational changes in solution comes from the fact that ADPbound SecA is partially protected from protease, 29, 39 and from changes in tryptophan¯u-orescence and stability upon nucleotide binding 28 and CD spectroscopy. 32 One can conclude from these results that, in solution, SecA undergoes small-scale nucleotide-dependent conformational changes. The situation appears to be similar for the isolated ATPase domain: this domain is stabilized against tryptic digestion by ADP but not AMP-PNP, and therefore ADP must change the conformation of N68 to some degree. 39 The SAXS studies we have carried out with N68 show that there is no detectable change wrought by AMP-PNP bind- Figure 4 . The shape of the N68 tetramer. The programs Saxs3D and xlattice 46 were used to calculate shapes from regularized SAXS data (0 < S <0.8 nm
À1
) using lattice spacings of (a) 2.0 nm, (b) 1.6 nm, (c) 1.4 nm or (d) 1.2 nm. In each case, ten structures were calculated by successive runs of Saxs3D and then superimposed using xlattice;
46 the superposition was contrast ®ltered to illustrate common features of the shapes. The graphs at the bottom of each panel show the experimental data (continuous curve) with a curve (broken with error bars) that represents the average calculated scattering from each of the ten superimposed structures. The error bars are the standard deviations of the ten calculated curves at each S value.
Tetramer of SecA ATPase Domain ing, and a barely detectable conformational change upon ADP binding. Thus, in solution, the conformational changes caused by ADP binding are relatively minor and do not involve large domain movements or rearrangements.
The behaviour of N68 in sedimentation velocity experiments indicates that the monomer is close to globular in shape, but the tetramer, with its high frictional ratio, is more ellipsoidal. To obtain more detailed structural information, a molecular envelope for the N68 tetramer was calculated using SAXS data. The shape that emerged from this SAXS analysis is a 13.5 nm Â 9.0 nm Â 6.5 nm`b ox'', and when ®ner lattice spacings were used for the structure determination, a pore appeared roughly in the middle of the structure. This irregular shape for the N68 tetramer is consistent with its high frictional ratio determined by sedimentation velocity analysis. A ®nal issue is the symmetry of the tetramer, which could be either D2 or C4 (Figure 7(a) ). The shapes obtained ab initio from the SAXS data appear to conform to D2 symmetry. The existence of the N68 tetramer changes our view of the domain structure of SecA, in which it was previously thought that the C-terminal 34 kDa domain was solely responsible for protomer interactions. It is clear that the C-terminal domain plays a key role in dimerization because its removal results in the appearance of monomeric N68, and the isolated C-terminal domain itself forms dimers. 38, 39 However, the presence of the N68 tetramer demonstrates that the N-terminal ATPase domain has the ability to mediate protomer-protomer interactions: these same interactions may occur within a SecA dimer. Given that the nucleotide, preprotein, and SecY binding sites reside on N68, 34, 35, 37 direct interactions between the N-terminal ATPase domains of the SecA molecule may be important in the regulation and catalysis of translocation.
The physiological role of the N68 tetramer remains an open question, and the possibility that the tetramer is an in vitro artifact resulting from removal of the C-terminal domain cannot be ruled out. Clearly, removal of the C-terminal domain exposes a surface on N68, and/or causes a conformational change, that mediates oligomerization to a tetramer. Higher oligomers were not observed even at very high protein concentrations; furthermore, we have produced large Figure 5 . Effect of nucleotides on N68 conformation. Kratky plots, S 2 I(S) versus S, of N68 (6.5 mg/ml) in the absence of nucleotides (dotted curves in both (a) and (b)) and in the presence of (a) 2 mM AMP-PNP or, (b) 2 mM ADP. Insets have been expanded to emphasize momentum transfer values in the range 0.05 < S < 0.11 nm
. Scattering curves were recorded with a 3 m camera setting using a Quadrant segmentshaped detector. (0.3 mm Â 0.3 mm Â 0.3 mm), well-formed crystals of N68 that diffract up to 10 A Ê resolution using a laboratory X-ray source. From these results, we conclude that the interactions between N68 monomers are speci®c, such that a homogeneous population of tetrameric N68 is produced. Our observations do not constitute evidence that a related structure occurs in vivo, but they are at least consistent with a potential physiological role for the tetramer.
One intriguing possibility is that the N68 tetramer may represent part of a higher-order structure that is assembled when SecA interacts with preprotein, ATP, and SecYEG during active translocation; that is, conformational changes at the membrane may uncover the same surfaces that are exposed when the C-terminal domain is removed. When SecA interacts with SecY 48, 49 through its Nterminal 37 and/or C-terminal domain, 50 there is an increase in ATP-driven proteolytic stability 13 that is fundamentally different from what is observed when SecA binds ATP in solution. 39 Interestingly, there is also evidence that interaction between SecA and SecYEG changes the oligomeric structure of SecYEG. Two recent papers have shown that detergent-solubilized SecYEG exists predominantly as monomers and dimers, 22, 23 but that interaction with SecA results in the formation of a tetramer. 23 To explore a possible role for the tetramer, a rough model can be constructed using the results from the present study. Given D2 symmetry, the N68 tetramer can be divided into four slightly extended pieces representing the N68 protomers. Each N68 protomer contains a SecYEG binding site: 37 these binding sites can be located anywhere on the monomer, but the D2 symmetry dictates their relative position on the tetramer; that is, the SecYEG binding sites on the tetramer must be related by the three 2-fold axes (Figure 7(b) ). We have presented three possible alternatives for the location of the SecYEG binding sites to illustrate how they would be related by the D2 symmetry of the particle. Note that the SecYEG binding sites could also be located in the interfaces between protomers, in which case the tetramer would not be expected to bind to SecYEG.
There are still many unanswered questions regarding the structure and oligomeric composition of the translocon, and the ability of the Nterminal ATPase domain of SecA to mediate tetramer formation should be taken into consideration as models are developed. Understanding the function of the N68 tetramer in protein translocation will require further structural studies of the SecASecYEG complex.
Materials and Methods
Expression and purification of N68 E. coli BL21-19(DE3), transformed with vector pIMBB7, 32 were used to express hexa-histidine tagged E. coli N68 in a 36 l fermentor. Cells were grown at 30 C in regular LB broth with 270 mM ampicillin to an A 600 of 0.4-0.5, and then induced by addition of 420 mM IPTG. Cells were harvested three hours later using a tangential ow concentrator (Amicon), resuspended in 50 mM TrisHCl (pH 8.0), and broken open using a French press. Several additions of PMSF (1 mM ®nal concentration) were added to inhibit proteolysis. The lysate was cleared by centrifugation at 100,000 g for one hour. A crude extract containing N68 was produced by taking a 20-50 % ammonium sulfate cut at 0 C. The ammonium sulfate pellet was dissolved in 50 mM sodium phosphate (pH 7.5), and the crude extract was¯ash frozen and stored at À80 C. The crude extract was thawed and supplemented with potassium chloride to a ®nal concentration of 1 M and imidazole to a concentration of 40 mM. The solution was then applied to a 1.6 cm Â 12 cm column of chelating Sepharose Fast-Flow (Pharmacia), that had been loaded with Ni 2 and equilibrated with 50 mM sodium phosphate, 1 M KCl, 40 mM imidazole (pH 7.5). After extensive washing, bound N68 was eluted with 50 mM sodium phosphate, 1 M KCl, 250 mM imidazole (pH 7.5). The protein was then dialyzed against 50 mM Tris-HCl (pH 7.8). Additional puri®cation of N68 was effected using anion-exchange chromatography on a 2.6 cm Â 18 cm column of Q-Sepharose HP (Pharmacia) with a running buffer of 50 mM Tris-HCl buffer (pH 7.8) and a 500 ml linear salt gradient from 0 to 500 mM NaCl. N68 emerged from the column at approximately 300 to 350 mM NaCl.
Protein concentrations were assayed using the method of Bradford. 51 Alternatively, an extinction coef®cient for N68 of 48600 M À1 Ácm À1 (280 nm) was determined as follows: an aliquot of dialyzed N68 was diluted into a guanidine-HCl solution so that the ®nal mixture consisted of 6 M guanidine-HCl, 20 mM sodium phosphate (pH 6.5). Under these conditions, and based on the content of aro- matic residues inferred from the DNA sequence, denatured N68 should have an extinction coef®cient at 280 nm of 37550 M À1 Á cm À1 , 52 allowing us to determine the protein concentration in the original N68 solution. The absorbance (280 nm) of the N68 solution under nondenaturing conditions was measured and related to the protein concentration to obtain the extinction coef®cient. For non-reducing SDS-PAGE, samples were heated in buffer containing 15 mM N-ethylmaleimide to block any free sulfhydryl groups and prevent disul®de exchange.
Molecular weight determination by gel filtration chromatography
Analytical gel ®ltration chromatography was carried out at 20 C using a 1.0 cm Â 30 cm Superdex 200 HR column coupled to an FPLC (Pharmacia). The running buffer was composed of 50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, and 5 mM b-mercaptoethanol (pH 8.0). Sample volumes of 100 ml were injected onto the column and eluted at a¯ow rate of 0.5 ml/minute. The optical density of the eluent was measured at 280 nm and recorded on a strip-chart running at 2 mm/ minute. The column was calibrated with blue dextran (void volume), acetone (included volume), ferritin (440 kDa), pyruvate kinase (232 kDa), yeast alcohol dehydrogenase (150 kDa), horse liver alcohol dehydrogenase (80 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa) and ribonuclease A (13.7 kDa).
Analytical ultracentrifugation
Prior to sedimentation analysis, samples were supplemented with 50 mM DTT to ensure full reduction of the single cysteine present in N68. The reduced solution was then dialyzed exhaustively against 50 mM Tris, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 2 mM DTT (pH 8); dialysis buffer was saved and used in the reference sector for all runs. A partial speci®c volume for N68 of 0.734 ml/g at 20 C was calculated from the amino acid composition of the protein. 53 The density of the solvent at 20 C was calculated to be 1.0049 g/ml. 54 Analytical ultracentrifugation was carried out in a Beckman XL-A centrifuge with a four-hole An-60Ti rotor. Whenever possible, absorbance measurements were made at 280 nm; alternatively, for dilute or concentrated samples, shorter (230 or 235 nm) or longer (295 nm or above) wavelengths were used to bring the absorbance readings into the range from 0.1 to 1.0. Unless otherwise speci®ed, all data analyses were carried out using the Beckman Origin 4.0 software. For sedimentation equilibrium runs, cells incorporating 6-sector Epon charcoal centerpieces were used. Absorbance measurements were taken in 0.002 cm radial steps and averaged over ten observations. Equilibrium was attained when absorbance scans taken over ®ve hours apart were identical. The baseline absorbance was measured after increasing the rotor speed to 40,000 rpm to deplete the sectors of protein.
Sedimentation velocity analyses were carried out at 20 C in cells containing double-sector Epon charcoal centerpieces. Velocity runs for N68 were conducted at 30,000-40,000 rpm depending on whether monomer or tetramer was expected to predominate. Absorbance measurements were taken in 0.005 cm radial steps and averaged over ®ve observations. The cells were scanned every ten minutes for a total of 300 minutes. Sedimentation coef®cients were calculated using the time derivative (dc/dt) analysis of Stafford 55 and the peak of the g*(s) versus s plot was ®tted using a Gaussian distribution. The s 20,w values for pure monomer and tetramer were estimated by assuming that the apparent sedimentation coef®cient was equal to the weight average sedimentation coef®cient (equation (1)), which can be rearranged to yield equation (2) Where [N68] is the total protein concentration. The sedimentation coef®cients were ®t to equation (3), varying the s 20,w values for pure monomer and tetramer, as well as the EC50 value (midpoint of curve) and slope. The EC50 value and slope do not have any physical meaning in the context of our monomer-tetramer association, but provide an adequate description of the transition from monomer to tetramer as a function of total protein concentration. Frictional coef®cients ( f), frictional ratios ( f/f min ), and diffusion coef®cients (D 20,w ) were calculated from s 20,w and M R by standard methods.
SAXS
Gel ®ltration chromatography was used to eliminate any large aggregates in the protein preparations and ensure the highest quality SAXS data. Several days prior to SAXS experiments, proteins were puri®ed by preparative gel ®ltration chromatography using a 2.6 cm Â 60 cm column of Superdex 200 HR Prep Grade chromatography resin (Pharmacia), with a running buffer composed of 50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, and 5 mM b-mercaptoethanol (pH 8). After this treatment, the protein preparations were concentrated, dialyzed, and maintained on ice. The dialysis buffers were reserved for background measurements (see below).
All measurements were made at the European Molecular Biology Laboratory Outstation at the Deutsches Elektronen-Synchrotron (Hamburg, Germany), beamline X33, 56 at 15 C using radiation with a wavelength of 0.15 nm. Measurements were made using either a position-sensitive linear detector or a Quadrant segmentshaped multiwire detector. 57, 58 Sample-detector distances of 1.2 m (high angle) and 3 m (low angle) were used to cover the range of momentum transfer (S 2siny/l, where 2y is the scattering angle) from 0.02 to 0.8 nm
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